INTRODUCTION
Submucosal glands play an important role in defending the upper airways from inhaled pathogens and irritants. The glands are under autonomic control and can be induced to secrete by stimulating various reflex pathways or by local mediators (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) for review see ref (14) . The resulting mucus secretion can be copious, transiently increasing the depth of mucus on the airway surface to almost 80 µm (15) . Mucus binds pathogens, inhibits their growth, and if all goes well, mucociliary transport carries the mucus and the trapped pathogens out of the airways.
All does not go well in diseases such as asthma, chronic bronchitis, the ciliary dyskinesias and cystic fibrosis (CF). For different reasons in each disease, mucociliary clearance is inefficient or lost, and the airways become susceptible to mucus plugging and infection (16) . In the ciliary dyskinesias the mucus is normal but ciliary beating is ineffective. Individuals so affected have a chronic, productive cough that helps clear secretions, but are still susceptible to chronic bacterial infections that can in some cases destroy the lung (17) . Thus, mucus stasis alone can permit chronic infection of the airways.
In cystic fibrosis, the cilia are normal but mucus clearance is abnormal (18) . Mucus plugging is characteristic of CF organs as diverse as sinuses, intestines and gallbladder. In CF airways, normally benign bacteria and molds can be found in high densities within static mucous plugs, but not attached to the surface of the conducting airway epithelia (19) , nor usually in the alveoli, nor systemically. These features indicate a defect in primary mucosal defenses of the conducting airways. Although long controversial, abnormally viscous primary mucus has now been shown to emanate from single submucosal glands in the bronchi of CF subjects, but not disease controls (20) . Although it is certain that CF disease is caused by the loss of functional CFTR, an ion channel that conducts Cl -and HCO 3 
MATERIALS AND METHODS
Animal tracheas were harvested less than one hour post-mortem from adult Yorkshire female pigs that had been killed with pentobarbital injection after acute experiments unrelated to the present studies. Tracheas were maintained until use in ice cold Krebs-Ringer bicarbonate buffer (hereafter KRB) bubbled with 95% O 2 -5% CO 2 . The KRB composition was (in mM):
115 NaCl, 2. mOsm. To minimize tissue exposure to endogenously generated prostaglandins during tissue preparation and mounting, 1.0 µM indomethacin was present in the bath throughout the experiment unless otherwise indicated.
For each experiment a tracheal ring of about 1.5 cm was cut off, opened up along the dorsal (posterior) fold in ice-cold, oxygenated KRB and pinned mucosal-side up on a pliable silicone surface. Only the cartilaginous portion of trachea was used for optical monitoring of gland secretion. The mucosa with underlying glands was dissected free and mounted mucosa side up at the gas/liquid interface of a 35 mm, Sylgard-lined plastic Petri dish containing 2 ml KRB. The tissue surface was blotted, dried with a gentle stream of 95% O 2 -5% CO 2 gas, and then partly covered with water-saturated mineral oil. The tissue was warmed to 37° C at a rate of ~1.5° C Optical measures The experimental setup was described previously (21). In brief, tissues covered with water-saturated oil were obliquely illuminated to visualize the spherical droplets of secreted mucus within the oil. Most digital images were captured at 1-5 min intervals with a CCD sensor mounted on a microscope to give a resolution of ~49,000 pixels per mm 2 , for an area of ~6 mm 2 . In a smaller number of experiments images of an area ~1.5-2 cm 2 were obtained directly with the macro lens of a Nikon 3 megapixel digital camera. Such experiments gave information on an area ~ 25-fold larger, but with resolution reduced to ~15,000 pixels per mm 2 .
Images were stored on disk for subsequent analysis, with volume calculated according to the formula for a sphere. Non-spherical droplets and merged droplets were excluded from analysis.
In this method apparently spherical droplet volumes may be over-estimated to the extent that counted droplets wet the surface, but this effect is minor (21).
Potential difference and pH measurements Microelectrodes with resistances of ~ 10
MΩ when filled with pH solution (see below) were placed within the secreted mucus droplets to measure the electrical potential difference (PD) of the proximal gland lumen relative to a Ag/AgCl electrode in the bath. The electrode was connected to a microelectrode amplifier (Getting Instruments) having an input impedance >10
12 Ω. In this circumstance the PD should result primarily from the epithelium of the ciliated and collecting ducts, because the contact between the surface epithelium and the mucus is minimized by the oil layer.
To measure pH, appropriate ion-selective electrodes were constructed (31) with slight modifications. LA16 glass capillaries (Dagan) were used for pH electrodes. After pulling, the tips of the ion sensing electrodes were broken back to an opening of 10-15 µm and the interiors silanized with in N, N-dimethyltrimethylsilylamine (Fluka). Each electrode tip was heated to >150° C for at least 5 minutes to cure the silanizing agent. The silanized electrodes were filled with electrolyte solution (31) and then the pH resin was drawn into the pipette under suction to a depth of ~ 1 mm. The resulting electrodes have a resistances of ~400 MΩ and can be used with any conventional microelectrode amplifier. When the ion-selective resin in the pH electrodes contacted the oil layer it lost its ion selectivity. To circumvent this problem, we fabricated electrodes in which the pH sensitive resin was recessed slightly in the tip, which was then filled with a tiny amount of electrolyte solution. These worked, but were difficult to fabricate and were often unstable. Therefore, most pH measurements were made without oil in chambers sealed except for a slight opening for the electrode. The chambers were superfused with water saturated between the two means was considered to be significant when P < 0.05.
RESULTS
Our results are based on sampling >700 single glands from 54 pigs. We monitored on average 5 glands (range 1-11) per small format experiment (~300 glands), and ~100 glands per large format experiment (~400 glands).
Pig glands secrete basallyBasal secretion was measured 1-9 hr post-harvest for 182 glands from 18 pigs (Fig. 1) . The mean basal secretion rate averaged over a 20 min period for each gland was 0.7 ± 0. (Fig. 1a) . Intergland differences greatly exceeded differences in average basal secretion rates among pigs, which varied only about 6-fold, from 0.25 ± 0.06 (10 glands) to 1.55 ± 0.28 (7 glands) nl·min -1 gl -1 .
Basal secretion was not inhibited by 1 µM indomethacin, 0.1 µM tetrodotoxin (TTX), 10 µM atropine, or 10 µM propranolol.
The mean basal secretion rate in each preparation declined over time post-harvest ( Gland secretion was easily distinguished from surface cell secretion (Fig. 1c,d ). When compared with glands, surface cells produced fluid droplets that were smaller and more closely spaced. Surface cell secretion was observed variably, both among pigs and in different regions of the same trachea. It did not appear to respond to carbachol or forskolin ( Fig. 1d ) and did not decline in magnitude with time after harvest, as did spontaneous gland secretion. Surface cell secretion is an active process and is not leakage through a damaged epithelium, because there is no hydrostatic pressure to move fluid into the oil layer, (the fluid layer is ~ 1 mm below the surface layer of the epithelium). Consistent with that, blue dextran placed in the bath did not appear in these droplets, nor did fluid accumulate in the oil when small holes were deliberately made in the epithelium. Surface secretion were not observed when the preparation was kept cold. We hypothesize that surface secretion originates from goblet cells, but have not yet investigated this type of secretion further.
Carbachol stimulated gland secretionGlands secreted copiously after bath application of the cholinergic agonist carbachol (10 µM). A dose-response relation was not determined, but in a small number of experiments we determined that 1 µM was clearly sub-maximal while increasing the dose from 100 µM did not further increase the response. Single gland secretion to carbachol included a short-latency, transient peak followed by sustained secretion that was ~1/3 of the peak response ( Fig. 2a, b ). As shown, differences were observed in the temporal patterns of secretion among glands.
The mean peak secretion rate to carbachol was 12.4 ± 1. Responses to carbachol were observed for 100% of basally secreting glands. In addition, carbachol stimulated secretion from glands for which no basal secretion had been observed in at least a 20 min observation period prior to stimulation, suggesting that most glands probably respond to carbachol.
In contrast with the gradual decline in basal secretion on the second day after harvest, the responses stimulated by carbachol, both peak and sustained, were unchanged during a period of at least 47 hr post harvest (Fig. 2d , e).
Thapsigargin stimulated small but sustained secretionThapsigargin inhibits Ca 2+ uptake by the endoplasmic reticulum and elevates cytosolic Ca 2+ unaccompanied by rises in other intracellular signals typically involved in Ca 2+ -mediated responses (32). When applied to the bath at high concentrations (1 µM), thapsigargin produced modest but sustained secretion iñ 50% of glands after a variable latency of 10-50 min ( In addition, prior work showed good secretory response to forskolin from bronchial segments of pigs (30). Therefore we looked for response to both these agents, which elevate [cAMP] i . In contrast with the transient responses to isoproterenol, pig glands showed sustained secretion to VIP and forskolin. The response profiles to these agents, which elevate [cAMP] i , differed distinctly from the responses to carbachol. They lacked a sharp, early peak, requiring 10-15 min to reach a maximum rate that was then sustained for at least 1 hr.
Secretion rates for 8 glands in response to VIP are plotted in Fig. 6 ) were similar but somewhat larger than were those to VIP. The mean peak and sustained responses for 231 glands measured in 26 pigs was 2.29 ± 0.37 and 1.69 ± 0.22 nl·min -1 gl -1 , respectively, but the distribution showed marked kurtosis and was positively skewed. The mean latency to peak was 17.8 ± 9.6 (SD) min for 43 glands from 6 pigs, but this figure is skewed by occasional late peaks that were only slightly higher than the rates reached at 10-15 min.
All basally secreting glands increased their rate of secretion in responses to VIP or forskolin, and some inactive glands were recruited. Responses to forskolin (Fig. 6d ) and VIP (data not shown) did not decline for at least 24 hr post harvest. When VIP was added after forskolin, it did not cause additional secretion. When forskolin was added after VIP, it increased secretion in 4 of 11 glands in which it was possible to follow the response. The larger response to forskolin may simply mean that 1 µM VIP was not maximal; we did not try larger amounts because of cost. The magnitude of responses in glands that responded to both carbachol and forskolin were positively correlated (Fig. 6e) , with the transient peak responses to carbachol being ~6-fold greater than the maximal response (which was ≈ sustained response) to forskolin.
As expected from the above relationship, and the much faster latency of the response to carbachol, we observed a small proportion of glands that responded to carbachol but not to forskolin. inhibitor, and reduced by 90% when they were used in combination (Fig. 7a) . Forskolinstimulated secretion showed a similar pattern (Fig. 7b) .
Secretion was inhibited by bumetanide and HCO
Density of active glandsThe numbers of secreting glands were counted in 6 large format experiments from 4 pigs (e.g. Fig. 8 Potential difference (PD) and pH measurements--As described in Methods, the PD across the epithelium of the gland can be measured by placing an electrode in the mucus bubble under oil and a reference electrode in the bath. With repeated measures of this kind, for secretions stimulated by forskolin or carbachol, the PD did not differ significantly from zero. We also failed to measure a PD when recording without oil. The lack of a PD is consistent with an earlier report that gland secretion might be electrically silent (37), but is inconsistent with a report that ENaC subunits are expressed in the ducts of submucosal glands (38,39), where they would be expected to participate in electrogenic absorption of Na + . An insignificant PD could also mean that the duct is normally electrically leaky or was shunted by epithelial damage.
Measurement of pH with ion-sensitive microelectrodes revealed that mucus pH was acidic relative to the bath under all conditions tested (Fig. 9) . For basal secretion, the mean pH was The most likely explanation for the differences between Calu-3 and gland secretions is that gland serous cell secretions are only one component of gland secretions and are modified before we collect them. Glands are complex organs, and most glands operate by a two-stage mechanism in which the primary secretion is subsequently modified. The finding that the final pH values are identical for the two kinds of stimulus, as well as for normal and cystic fibrosis glands, leads us to speculate that ductal modification is homeostatic and reaches a final common pH regardless of the composition of the primary secretion.
A schematic of submucosal gland function (Fig. 10) Little is known about transport mechanisms of mucous cells. We propose that mucous cells secrete the bulk of the mucin (MUC5B) molecules (58) . We hypothesize that the accompanying water and ion secretions from these tubules occur via non-CFTR-dependent mechanisms, because mucus secretion is partially preserved in CF glands (20 we infer that HCO 3 -is either absorbed or converted to CO 2 and water, that Na + is also absorbed, and that either an osmolyte is added or the solution is able to remain hypotonic. This model can account for most existing results, and makes specific predictions about differences between normal and CF glands. We and others are presently developing the methods needed to support or eliminate these and related hypotheses of submucosal gland function. Each symbol plots the peak secretion rate to carbachol on the y axis and the peak secretion rate to forskolin on the x axis for an individual gland. Correlation coefficient = 0.81. Mucous pH. Each bar shows the mean pH for secretions produced by the indicated conditions. All were acidic relative to the bath, which was measured before and after each measure of secretion, averaged, and normalized to 7.4. The number of pigs and glands measured is shown in each bar. *Significantly different from other three measures P < 0.05. 
